Poly(rI). poly(rC) induces a lytic reaction in interferon-treated mouse LM cells. We have attempted to determine whether the intracellular penetration of poly(rI), poly(rC) is a prerequisite for cell lysis and to gain some insight into the pathway followed. We found that poly(rI), poly(rC) coupled to Sepharose beads was unable to generate lysis of interferon-treated cells whereas the cells underwent lysis after microinjection of poly(rI).poly(rC). Some inhibitors of endocytosis were found to inhibit the development of the lytic reaction. Lysosomotropic amines or a low temperature (19 °C) blocked endocytosis of poly(rI).poly(rC) but did not prevent its uptake. The internalization of poly(rI).poly(rC) was energy-dependent and was blocked when sodium azide and 2-deoxyglucose were added simultaneously. We conclude that poly(rI), poly(rC) is internalized and reaches an acidic compartment before triggering the lytic reaction in the cell.
INTRODUCTION
Interferon (ct/fl IFN)-treated cells lyse in the presence of poly(rI), poly(rC) (Stewart et al., 1972) . The degree of lysis depends on the type of dsRNA concerned (Stewart et al., 1973) , and mouse L cells are among the most responsive.
IFN is produced during lysis, but the inhibition of RNA or protein synthesis suppresses the IFN-inducing capacity of poly(rI).poly(rC) on IFN-treated cells, without a concomitant decrease in toxicity (De Clercq & De Somer, 1975; . Enucleation of IFN-treated cells 1 h before poly(rl), poly(rC) treatment does not preclude the development of toxicity . These observations indicate that IFN treatment initiates a process triggered by poly(rI), poly(rC) or which enhances poly(rI), poly(rC) toxicity. Toxicity does not seem to be preceded by or due to changes in membrane permeability .
This response might have more general implications in the IFN system although several cell lines are resistant to the lytic process (Emeny & Morgan, 1978) . This pathway offers a convenient functional assay to investigate interactions between polynucleotides and cells (Stebbing, 1979) . So far the lack of a functional assay has hampered studies on the mechanism of cellular uptake of polynucleotides and on their intracellular fate. For example, the mechanism of IFN induction by dsRNA is still unknown and it is not known whether dsRNA triggers membrane receptors (Bachner et al., 1975) or is taken up to reach an intracellular target (Pitha & Hutchinson, 1977; Silhol et al., 1986) .
In order to gain information about the cytotoxicity of dsRNA for IFN-treated cells, independent variants resistant to lysis induced by combined treatment of IFN and poly(rI), poly(rC) were isolated Which spontaneously secrete small amounts of IFN (Faure et al., 1984) . Characterization of these variants indicates that both IFN production and the lytic mechanism share a common stage (De Clercq & De Somer, 1975) .
We report here that the penetration of poly(rI), poly(rC) is a prerequisite for generation of cytotoxicity. Furthermore, our experiments suggest the involvement of an acidic compartment before poly(rI), poly(rC) reaches its target.
Preparation of poly(rl), poly(rC)-poly(L-lysine)-Sepharose. T-Oxidized poly(rI), poly(rC) was covalently conjugated to amine groups of poly(L-lysine) (Rayford et al., 1985) previously immobilized on Sepharose CL-4B (Pharmacia; March et al., 1974) . Poly(rI). poly(rC) 3' end ribose residues (1 nmol in 600 ~tl of water) were oxidized with sodium metaperiodate (11 nmol in 3.5 ~tl of 0.1 M-sodium acetate buffer pH 4-75) and the reaction mixture was incubated for 2 h at 0 to 4 °C in the dark. The periodate-oxidized poly(rI), poly(rC) was then coupled to e-amino groups of poly(L-lysine) (3 nmol) immobilized on 1 ml Sepharose in the presence of 300 ~tl sodium cyanoborohydride (0.1 M in 0.2 M-phosphate buffer pH 8.0).
Poly(L-lysine)-Sepharose beads and poly(rI), poly(rC)-poly(L-lysine)-Sepharose beads were thoroughly washed with water and incubated overnight at 37 °C in the absence or in the presence of 0-25 M-sodium hydroxide. From the absorbance (260 rim) of the supernatant of beads exposed to sodium hydroxide we calculated that 277 ixg poly(rI), poly(rC) per ml poly(L-lysine)-Sepharose gel had been coupled. In the absence of sodium hydroxide no absorbing material was released in the supernatant. Agarose-poly(rI). poly(rC) was purchased from Pharmacia P-L. Poly(rI) was covalently bound to CNBr-activated agarose largely by single point attachment through its terminal 5' phosphate moiety. The poly(rC) was then annealed to poly(rI) to obtain a double-stranded complex (Wagner et al., 1971) . Overnight hydrolysis at 37 °C in the absence or in the presence of 0.25 M-sodium hydroxide indicated that 980 ~tg poly(rl), poly(rC) per ml agarose gel was immobilized; the spontaneous leakage was around 15%.
RESULTS

Lysis conditions
The experimental conditions leading to lysis induced by poly(rI).poly(rC) on IFN-treated cells have been described previously (Faure et al., 1984) . Long term exposure of IFN-treated cells to poly(rI), poly(rC) results in lysis of up to 90~ of the cells. However, since most of the drugs used in our studies were relatively toxic, we sought experimental conditions allowing cell IP: 54.70.40.11
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An equivalent volume of poly(L-lysine)-Sepharose was exposed to the cells. lysis to take place over a shorter period of time. Unfortunately, the shorter the incubation the less efficient was the lysis. As shown in Fig. 1 (a) , the lytic event was undetectable before 3 h of exposure to poly(rI), poly(rC). The dose-response curve of Fig. 1 (b) shows that the toxic effect of poly(rI).poly(rC) was not improved above 2 ~tg/ml. Previous experiments had already demonstrated that IFN-treatment allowed effective lysis at 1000 units/ml and above (Faure et al., 1984) . In most experiments described here, poly(rI), poly(rC) was used at 5/.tg/ml and IFN at 1000 units/ml. The surviving cells were counted 8 h after poly(rI), poly(rC) addition.
Poly(rI).poly(rC) coupled to Sepharose-poly(L-lysine) beads is not cytotoxic to IFN-treated cells
To demonstrate that internalization of poly(rI), poly(rC) was required to generate a cytotoxi~ response on IFN-treated cells, poly(rI).poly(rC) was immobilized by covalent coupling to Sepharose beads. The volume of the beads was at least five times greater than that of a cell, which prevented their internalization. Two types of coupling procedures were tested. First poly(rI), poly(rC) was covalently coupled to Sepharose-poly(L-lysine) as described in Methods, a procedure which generates very stable products. As shown in Table 1 , poly(rI), poly(rC)-poly(Llysine)-Sepharose beads were exposed to IFN-treated cells and no cytotoxic response ensued. To improve the contact between beads and cells an experiment was performed in the presence of trypsin which allowed the ceils to float around the beads and again no toxicity was obtained except for the cytotoxicity due to the poly(L-lysine) enzymically released from Sepharose beads P. G. MILHAUD AND OTHERS Toxicity of microinjected poly(rI).poly(rC) on IFN-treated cells* Number of cells * IFN-treated (3000 units/ml) and untreated cells were incubated 20 h before microinjection. Water was The cells were processed and the results coupled to poly(L-lysine) or poly(ri).poly(rC)-poly(L-lysine). On the other hand when commercially available agarose-poly(rI).poly(rC) beads were tested, these beads released poly(rI), poly(rC) as indicated in Methods and generated an efficient lysis (Table 1 ). Both sets of data suggested that internalization of poly(rI), poly(rC) was a prerequisite for the generation of lysis.
Microinjected poly(rI).poly(rC) generates toxicity in IFN-treated cells
If poly(rI).poly(rC) is unable to generate any toxicity from outside IFN-treated cells, microinjected poly(rI), poly(rC) should bring about the lysis. As we did not know the amount of poly(rI), poly(rC) that penetrates when it is incubated with cells, several concentrations were tested by incubation and microinjection ( Table 2) . Concentrations of poly(rI), poly(rC) higher than 1 mg/ml were difficult to manipulate because of their viscosity. In the first experiment (expt. 1) the cells were incubated or microinjected with 5 ~tg/ml poly(rI), poly(rC). In the second experiment (expt. 2) the cells were incubated with 100 ~tg/ml poly(rI), poly(rC) or microinjected with 1 mg/ml poly(rI), poly(rC) [as approximately one-tenth of the cell volume was injected, the final poly(rI), poly(rC) concentration was estimated to be 100 ~tg/ml in this latter case]. Cell lysis occurred in all sets of conditions, in agreement with our previously published data (Faure et al., 1984) . It is worth noting that lysis was not increased at higher dsRNA concentrations and that lysis obtained by incubation was definitely more efficient than by microinjection.
These observations suggested that the intracellular route followed by poly(rI), poly(rC) to reach its target during spontaneous internalization is important to generate efficient lysis.
Effects of amines on endocytosis of poly(rI).poly(rC)
Amines are inhibitors of the lysis induced by poly(rI).poly(rC) of IFN-treated cells
Many drugs have been tested as potential inhibitors of lysis of IFN-treated cells by poly(rI), poly(rC) in the hope of pinpointing a pathway leading to lysis. Lysosomotropic amines known as inhibitors of endocytosis (Dean et al., 1984; De Duve, 1983 ) effectively inhibit the lysis of IFN-treated cells by poly(rI), poly(rC). Even though the results are not striking (Table 3) , they are reliable and the protection by the drugs of IFN-treated cells from lysis by poly(rI).poly(rC) was obvious under the microscope. Unfortunately most of these drugs are toxic, which prevented longer term experiments by plating efficiency which allow lysis to develop to a larger extent. Only mepacrine, a low toxicity drug, could be tested in this way and it elicited an enhanced difference (control 0-1 and mepacrine-treated cells 0.8), confirming the dramatic inhibition of cell lysis by this lysosomotropic amine.
Kinetics of the inhibition of lysis by mepacrine
Mepacrine was used to monitor the kinetics of the uptake of poly(rI), poly(rC) because it is not toxic at inhibitory concentrations and is the most powerful amine in preventing lysis. As * Drugs were added 10 rain before the addition of poly(rI), poly(rC). indicated in Fig. 2 , it was not possible to block the lytic reaction with mepacrine after 90 min exposure to poly(rI), poly(rC). Similar results were obtained with chloroquine.
Location of the block induced by amines 1. Amines do not inhibit lysis by blocking receptor clustering
Many amines are inhibitors of receptor clustering and internalization (Pastan & Willingham, 1981) . Most of them have been reported to act essentially through the inhibition of phospholipases and transglutaminases (Davies et al., 1980; Levitski et al., 1980; Dickson et al., 1982) . None of the known inhibitors of receptor clustering investigated here [e.g. monodansylcadaverine (50 ~tM) or bacitracin (l mg/ml)] inhibited IFN + poly(rI).poly(rC)induced lysis.
L ysosomotropic amines do not inhibit poly(rI).poly(rC) uptake
In order to demonstrate the position of the amine-induced block in the lytic pathway it was (3 mM) 0.62 * IFN-treated or untreated cells were subjected to the specified treatments in the absence or in the presence of poly(rI).poly(rC) (5 pg/mi). Two h later RNase A (100 ~tg/ml) was added. After 30 min incubation the cell monolayers were washed and reincubated with fresh medium; the surviving cells were counted 8 h later. * IFN-treated or non-treated cells were pretreated for 30 min as indicated and 5 gg/ml poly(rI), poly(rC) was then added for 2 h. Cell monolayers were then treated for 10 min with 100 rtg/ml RNase A, washed twice and reincubated in the continuous presence of RNase A unless otherwise indicated. Cell lysis was monitored and the results were expressed as described in Methods. necessary to establish its reversibility. The cells were incubated in the presence of the drugs: the latter were then removed and the cells were exposed to poly(rI).poly(rC). The effect of chloroquine and drugs of the same family (data not shown) which maintain inhibition at micromolar concentrations are not reversible. Ammonium chloride and amines which inhibit lysis at millimolar concentrations were reversible. The reversible lysosomotropic amines were used to demonstrate that they were unable to inhibit the uptake of poly(rI), poly(rC). IFNtreated cells were incubated with poly(rI), poly(rC) in the presence of amines (ammonium chloride, adamantanamine, tributylamine) for 2 h. Effective RNase A treatment before the removal of amines was performed to destroy any poly(rI), poly(rC) remaining at the cell surface. RNase treatment did not prevent lysis, indicating that poly(rI), poly(rC) could penetrate the cell in the presence of lysosomotropic amines (Table 4 ). Other data confirm that such amines do not inhibit the uptake of several ligands (Van Leuven et al., 1980; Superti et al., 1984; Helenius et al., 1982) .
The uptake of poly(rI), poly(rC) is energy-dependent
The uptake of material by cells through endocytosis requires energy and does not take place at a low temperature (4 °C; Besterman & Low, 1983) . The experiments aimed at characterizing the energy dependence of poly(rI), poly(rC) uptake by IFN-treated cells are shown in Table 5 . Cells were pretreated with IFN as described above and exposed to the combined treatment of sodium azide and 2-deoxyglucose at concentrations known to block pinocytosis and to block ATP generation from glycolysis and oxidative phosphorylation (Steinman et al., 1974; Sandvig & Olsnes, 1982) . Since ceils cannot withstand long term depletion of their energy supply, it was verified that the effects of sodium azide and 2-deoxyglucose were reversible. Indeed lysis took place when the inhibitors were washed from the cells in the absence of RNase treatment and it was inferred that poly(rI), poly(rC) was taken up soon after their removal. However the usual cytotoxic response was not seen when the inhibitors were eliminated in the presence of pancreatic RNase, indicating that the uptake of poly(rI).poly(rC) was energy-dependent. Sodium azide or 2-deoxyglucose alone did not block the uptake of poly(rI), poly(rC) since it is probable that these conditions do not sufficiently deplete ATP pools.
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* Before any treatment, cells were pre-incubated with IFN for 20 h. Treatments were applied after 20 min equilibration at 19 °C. The following concentrations were used: poly(rI), poly(rC), 10 gg/ml; RNase A, 100 gg/ml; chloroquine, 20 gg/ml. t Cells were exposed at 19 °C for the whole of the experiment. { Cell temperature was raised to 37 °C after 150 min. § Treatment with 'RNase later' or 'chloroquine later' was carried out after 140 min (10 min before the temperature was raised).
The lytic pathway & temperature-dependent
A temperature restriction point has been demonstrated in the receptor-mediated endocytic pathway (Dunn et al., 1980; Draper et al., 1984; Marsh et al., 1983) . We examined this possibility for the lytic pathway. Cells were pretreated with IFN or left untreated as described above, incubated at 37 °C or 19 °C and were exposed to poly(rI), poly(rC). As described in Table  6 , no lytic event occurred for the cells incubated at 19 °C while control cells, incubated at 37 °C, lysed as before. Two questions were asked in order to characterize the low temperature block: (i) does poly(rI), poly(rC) remain at the cell surface at 19 °C and (ii) is the restriction earlier or later than the block created by lysosomotropic amines like chloroquine ? IFN-treated and untreated cells were equilibrated at 37 °C or 19 °C and then incubated with poly(rI), poly(rC). Two h later the exposure of cells to RNase did not prevent lysis, indicating that a low temperature did not impair the uptake of poly(rI), poly(rC).
Addition of chloroquine after exposure for 2 h at 19 °C did not prevent progression along the lytic pathway when the temperature was increased to 37 °C. This suggests that the low temperature arrest occurred beyond the chloroquine block.
DISCUSSION
Since the discovery of the lytic reaction induced by poly(rI), poly(rC) on IFN-treated cells the penetration of poly(rI), poly(rC) has not been questioned. We have shown that poly(rI), poly(rC) coupled to poly(L-lysine)-Sepharose did not generate lysis, in conditions whcre no leakage of poly(rI), poly(rC) was observed. It could thus be inferred that poly(rI), poly(rC) must penetrate IFN-treated cells to trigger the lysis. Microinjection of poly(rI), poly(rC) into IFN-treated cells generated lysis (Faure et al., 1984) but lysis obtained by incubation with poly(rI), poly(rC) was more efficient than by microinjection. Taken as a whole these data indicate that poly(rI), poly(rC) has to be delivered intracellularly to trigger cell lysis but also suggest that the route followed by poly(rI), poly(rC) to reach its target efficiently is essential.
If internalization of poly(rI), poly(rC) is required to generate lysis, endocytosis is a possible necessary pathway. Several characteristics common to the entry of material (e.g. viruses or toxins) in cells emerge from studies of their endocytosis (Marsh, 1984; Helenius et al., 1983; Pastan & Willingham, 1981 , 1983 : (i) the material binds to receptors; (ii) the internalized material reaches an acidic compartment; (iii) endocytosis is inhibited by lysosomotropic amines and by low temperatures (15 °C to 20 °C) and (iv) uptake is energy-dependent. These criteria were used to pinpoint the route followed by poly(rI), poly(rC) before leading to the lysis of IFNtreated cells.
Our efforts to demonstrate the presence of enzyme-sensitive receptors for poly(rI), poly(rC) at the cell surface were unsuccessful. Extensive digestions with glycosidases, proteases and lipases as detailed in Methods (Superti et al., 1984) did not modify the susceptibility of IFN-treated cells p.G.
MILl-lAUD AND OTHERS to poly(rI), poly(rC)-induced lysis (data not shown). Similarly, drugs which have been reported to inhibit the clustering of ~2-macroglobulin receptor complexes were not inhibitors of the IFN + poly(rI), poly(rC)-induced lysis. However, owing to cellular toxicity, in our experimental system we could not reach the high concentrations used by Dickson et al. (1982) . The only way to prevent the uptake of poly(rI), poly(rC) was by inhibition of the production of cellular energy with 2-deoxyglucose and sodium azide, a common characteristic of the endocytic pathways (Silverstein et al., 1977) .
The intraceUular route of uptake can be interrupted by several means: by drugs such as lysosomotropic amines which raise endosomal and lysosomal pH values; by inhibitors of ATPases and proton ionophores (Poole & Ohkuma, 1981 ; Tycko & Maxfield, 1982; Maxfield, 1982) ; by lowering the temperature (15 °C to 20 0C), which has been reported to inhibit the fusion of endosomes with lysosomes (Dunn et al., 1980; Merion & Sly, 1983) .
Amines known to be inhibitors of endocytosis did not prevent uptake of poly(rI), poly(rC) but were able to inhibit the IFN + poly(rI), poly(rC)-induced lysis. Kinetic studies indicated that poly(rI), poly(rC) remained in an amine-sensitive compartment for 1 h, probably the endosomelysosome compartment. Since these drugs have pleiotropic activity, the possible pathways that these drugs are known to impair have been probed with specific inhibitors. For example, inhibitors of calcium metabolism such as nifedipine, trifluoperazine (Volpi et al., 1981; Roufogalis et al., 1983) have been checked, and were found to be inactive. Mepacrine and chloroquine, which are among the most active inhibitors of cell lysis, are powerful phospholipase inhibitors (Vigo et al., 1980) and phospholipases have been implicated in several physiological and toxic mechanisms (Lankisch & Vogt, 1972; Shier, 1979; Hoffman et al., 1981) . However, other known phospholipase inhibitors such as phentermine, chlorpromazine, tetracaine or 4-bromophenacyl bromide were inactive in our experimental system and since no release of lysophosphatidyl derivatives could be demonstrated before the onset of lysis, we conclude that the phospholipase pathway was less critical in this system. This is in line with our previous work showing that IFN + poly(rI), poly(rC)-induced lysis takes place in serum-free lipid-free medium (Milhaud et al., 1983) where cyclo-oxygenase does not operate. In contrast, W allach & Revel (1979) postulated an involvement of the arachidonic pathway in the development of IFN + poly(rI), poly(rC)-induced cytotoxicity in human FS 11 cells. Indeed they reported inhibition of the lysis by dexamethasone, indomethacin, prostaglandin E2 (PGE2) and inhibitors of cAMP metabolism. None of the latter compounds had any effect in our experimental conditions; PGE2 was not checked but indomethacin and dexamethasone weakly inhibited lysis, possibly through unknown mechanisms. We cannot exclude however that IFN + poly(rI), poly(rC)-induced cytotoxicity is mediated by different pathways in different cell lines.
We were unable to demonstrate a clear inhibition of the lysis with proton ionophores (nigericin, monensin, valinomycin) described previously (Marsh, 1984; Marsh et al., 1982; Madshus et al., 1984; Maxfield, 1982) and with the ATPase inhibitors carbonyl-cyanide, mchlorophenyl hydrazone and dicyclohexyl carbodiimide (Schneider, 1981 ; Galloway et al., 1983;  data not shown). The toxicity of these drugs, usually applied for 2 h or less, precluded any interpretation of the results obtained 6 to 8 h later i.e. the time required for the full development of the IFN + poly(rI), poly(rC)-induced lysis.
We have shown that the lysis is inhibited by low temperatures as well as by lysosomotropic amines; in both cases the uptake of poly(rI), poly(rC) is not prevented. In agreement with the data reported by Draper et al. (1984) , incubation at 19 °C allows poly(rI), poly(rC) to pass the amine-sensitive stage.
Our experiments do not specify the mechanism of toxicity itself. We know that IFNtreatment is required for the full development of cell lysis but in these experiments we did not observe any modification specifically induced by IFN. Lysosome fragility has been reported in IFN-treated cells (Halbach et al., 1978) but the distribution of the lysosomal enzyme marker Nacetylglucosaminidase in Percoll gradient analysis (Galloway et al., 1983) of IFN-treated cells was not altered as compared to untreated cells (data not shown). More investigation is clearly required to decipher the pathway.
On: Fri, 28 Dec 2018 08:58:00 dsRNA endocytosis 1133 In conclusion, present evidence suggests that lysis of IFN-treated cells by poly(rI), poly(rC) is induced after uptake of poly(rI), poly(rC) into LM cells via an acidic compartment and that poly(rI), poly(rC) follows the endocytic pathway to reach its intracellular target.
